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Heavy ion accelerators have been an indispensable tool for scientific research, industrial application and medicine for decades. Recently, the number of heavy ion accelerators is growing over the world for heavy ion cancer therapy [1] . Carbon ion beam of a few 100 MeV/u is most widely used among heavy ion beams.
For prediction of radiological impact in heavy ion accelerator facilities, radiation transport simulation codes play a fundamental role. The nuclear reactions are simulated by the combination of reaction models to describe physics in a wide energy range. However, the reaction models are sometimes inaccurate depending on energy. Therefore, it is necessary to verify the simulation codes in a wide energy range to apply them to various beam conditions.
A verification of the simulation codes has been performed for proton induced reactions and neutron induced reactions [2] [3] [4] based on abundant measured data whereas availability of data on heavy ion induced reactions is limited.
In this paper, we report on measurement of excitation functions of Nat Pb( 12 C,x)X fragmentation reactions by the stacked-foil method. To validate the applicability of *Corresponding author. Email: ogawa.tatsuhiko@jaea.go.jp the method, a comparison of the measurement data with other available experimental data is discussed. The energy dependence of the measured excitation functions and comparison with cross-sections simulated with a radiation transport code are also discussed.
Methods
Principles of the method
The method adopted in this study to measure the excitation functions of fragmentation reactions is based on the stacked-foil method [5] . In this experiment, a stack of lead (99.99% purity) plates was irradiated by the focused 400 MeV/u carbon ion beam. The radioactive fragments in each lead plate were measured after the exposure by the gamma-spectrometry.
Contribution of secondary particles to formation of target fragments is usually an issue that hinders straight forward application of the stacked-foil method to measurement of excitation functions for heavy ions [6] . Nonetheless, target fragments other than fission fragments and target-like fragments were dominantly produced by incident heavy ions and secondary particle contribution is shown to be less than 20% and can be DOI: 10.15669/pnst. 4.574 subtracted. Correction of measured cross-sections for secondary particle contribution is discussed in [7] .
Assuming that contribution from secondary particles is negligible, the fragment production cross-sections are expressed by Eq. 1,
where E n is the average energy of primary ions in the middle of n-th target slice, Y n (yield/sample) is the production of fragment nuclei, A is the atomic mass of the target material, N A is the Avogadro constant, d is density of the target, t n1 is the coordinate of the upstream surface of n-th target slice, t n2 is the coordinate of the downstream surface of n-th target slice and φ(t) is the flux of primary ions at a depth of t inside target. Primary ion flux attenuation by depth was estimated based on the total reaction cross-section parameterization developed by Kox et al [8] . Energy of heavy ions in each target slice shown in Figure 1 was calculated with ATIMA [9] . 
Experimental setup
The experiment was performed at the general-purpose irradiation room (PH1) of the Heavy Ion Medical Accelerator in Chiba (HIMAC) at the National Institute of Radiological Science (NIRS). The experimental geometry is illustrated in Figure 2 . 
where Y is the yield corrected for decay and build-up, λ is the decay constant of the product, i(t) is the beam intensity, t i is the irradiation period (7.03 hours) and t c (from 0.5 to 210 days) is the cooling period.
Gamma-ray spectra of the irradiated samples were measured with a high-purity germanium detector coupled to a spectroscopy-amplifier and a multichannel analyzer. The full-absorption peak efficiency for gamma-rays from 100 keV to 3000 keV was determined by a calibration procedure provided in [10] .
Uncertainties of (1) gamma-ray count and sample thickness classified as random errors, (2) secondary particle contribution correction (7-24 %) and (3) primary ion beam intensity (0-5.5 %) were included to the plots as error bars. Uncertainties of (1) gamma-ray detection efficiency (3.1-12 %) and (2) absolute primary beam intensity monitored by the ionization chamber (3.6 %) classified as systematic errors are not shown in the plot. In addition to above uncertainties, gamma-ray full-absorption peak area involves an unaccounted uncertainty attributed to instability of peak shape. Figures 3-6 . The other data are provided elsewhere [7] . Horizontal error bars denote energy distribution (energy straggling and energy loss inside sample thickness) inside each sample. Yield type, independent (half-life of T. Ogawa et al. 576 progenitors are more than 10 times longer than the cooling period or no nuclear decay give contribution to the nuclide) or cumulative (half-life of progenitors are more than 10 times shorter than the cooling period), is given in the captions of each plot.
Results and discussion
Some typical measured cross-sections are shown in
Comparison with literature data and simulated data
The cross-sections obtained in this study were compared with the measurement data available from literature to confirm the validity of this measurement. Some isotopic production cross-sections of Nat Pb( 12 C,x) reactions are provided by Yashima et al. [6] at a few energies and by Damdinsuren et al. [11] at 3.65 GeV/u. Available data are compared with our data and shown in Figures 7, 8 and 9 . Cross-sections simulated by Monte-Carlo radiation transport code PHITS [12] are also shown. The experimental data agree within the experimental uncertainty, which indicates the validity of this method. Importantly, the cross-sections at 100 MeV/u, affected by secondary particles in this study, is in good agreement with other experimental data.
PHITS underestimates products lighter than fission fragments such as 46 Sc and 59 Fe while products heavier than fission fragments are reproduced with better accuracy. With respect to energy, PHITS gives underestimation above 150 MeV/u or overestimation below 100 MeV/u therefore the shape of excitation functions agree no better than a factor of 2. More details on comparison between measured and simulated excitation functions are described elsewhere [7] .
Shape of the excitation functions
The experimental data show cross-sections for light products (e.g. 46 Sc,
54
Mn) increase with increase of energy while the other cross-sections are energy-independent. It is also shown that the trend of fragmentation cross-sections changes near 150 MeV/u.
The comparison of experimental data with PHITS in Figures 7 and 8 indicates that there is a reaction mechanism not accounted in PHITS above 150 MeV/u which is responsible for production of light fragments. The increase of cross-sections with energy observed for production of 46 Sc and 54
Mn (but not in 59 Fe) may be explained by the unaccounted reaction mechanism.
Conclusion
We performed 400 MeV/u carbon ion irradiation to a thick lead target to measure excitation functions of Nat Pb( 12 C,x) fragmentation reactions. The obtained data were compared with available literature data and simulation with a radiation transport code. Applicability of the stacked-foil method for measurement of excitation functions were confirmed by comparing the obtained cross-sections with the previous thin target measurements.
Excitation functions of Nat Pb( 12 C,x) fragmentation reactions are obtained for various products except for fission fragments and target-like fragments. The shape of excitation functions depends on the product mass. PHITS agrees with the measurement data for nuclides heavier than fission fragments, however, irregular rise and dip in conflict with measurement data were observed.
Obtained cross-sections will be useful to benchmark energy dependence of nuclear reaction model performances and to obtain systematics of cross-sections for accurate prediction of radiological impact of high energy heavy ions.
